In response to an unexpected observation of apparent localisation by immunocytochemistry, we have investigated the potential expression and function of P-selectin (CD62P) in human corneal epithelial cells. The SV40 immortalised cell line, HCE-T (validated by STR profiling), along with multiple donor corneal-limbal tissue samples, were examined for P-selectin expression using a combination of immunocytochemistry, Western blotting, RT-PCR and immunohistochemistry. Potential expression of the major ligand for P-selectin (P-selectin glycoprotein ligand-1; PSGL-1; CD162) was also examined by immunocytochemistry and RT-PCR. A selective inhibitor of P-selectin-PSGL-1 binding (KF38789) was subsequently tested for effects on HCE-T cells using a cell culture gap-closure assay. HCE-T cells as well as primary epithelial cultures derived from donor corneal-limbal tissue, displayed positive immunostaining for P-selectin. Staining was particularly evident at cell-cell boundaries and at the outer edge of expanding epithelial islands. P-selectin expression was confirmed by Western blotting and RT-PCR (validated by product sequencing), as well as by immunohistochemistry performed on serial sections of corneal-limbal tissue stained for P-selectin, keratin 3 and p63. PSGL-1 was detected by RT-PCR and immunocytochemistry in both corneal epithelial cells as well as human limbal fibroblasts (HLF). KF38789 (5 μM) significantly reduced closure of a 500-μm gap between confluent sheets of HCE-T cells over an 8-hr period (by ∼40%, p < 0.01; paired two-tailed T test), but had no effect on culture gap-closure by either HLF or murine 3T3 fibroblasts. These results provide evidence of P-selectin expression in human corneal epithelial cells and suggest a potential role for this glycoprotein in facilitating the net movement of confluent sheets of human corneal epithelial cells.
Introduction
P-selectin (CD62P) is a key mediator of leukocyte recruitment during inflammation and wound healing (Ley, 2003) . The established sources of P-selectin are the α-granules of platelets (Stenberg et al., 1985) and the Weibel-Palade bodies of vascular endothelial cells (McEver et al., 1989) . During inflammation, P-selectin is translocated to the cell surface where it encourages the adhesion of leukocytes via binding to P-selectin glycoprotein ligand-1 (PSGL-1/CD162) Larsen et al., 1989) . Soluble forms of P-selectin and PSGL-1 also exist and have been implicated in the development of numerous cardiovascular and inflammatory diseases (Ley, 2003) . In the present study, however, we explore a previously undocumented source of this protein -the corneal epithelium.
The corneal epithelium is a non-keratinized, stratified squamous epithelium that forms the anterior surface of the cornea. Beneath the corneal epithelium resides a non-vascular corneal stroma populated predominantly by a resident mesenchymal cell type known as the keratocyte. During tissue homeostasis, the corneal epithelium is replenished through the proliferation, migration and differentiation of epithelial progenitor cells that, in humans, principally reside within the vascularised corneal-scleral junction known as the corneal limbus (Schermer et al., 1986; Thoft and Friend, 1983) . Wounding of the corneal epithelium triggers apoptosis of local keratocytes, conversion of https://doi.org/10.1016/j.exer.2018.07.018 Received 8 March 2018; Received in revised form 8 June 2018; Accepted 15 July 2018 adjacent keratocytes into wound repair fibroblasts, and recruitment of leukocytes from the limbal vasculature (Fini, 1999; Wilson, 2000) . Significantly, it has been established through use of mouse models, that P-selectin derived from platelets facilitates the recruitment of leukocytes from limbal blood vessels (Lam et al., 2011) . Moreover, platelet derived P-selectin has been linked to efficient healing of both the corneal epithelium and corneal stroma (Lam et al., 2015; Li et al., 2006) . Importantly, there has been no evidence to suggest that either P-selectin or its principal ligand (PSGL-1) are produced by corneal cells.
We presently explore an unexpected observation of apparent P-selectin immuno-localisation in cultures of human corneal epithelial cells. Our initial observation is made using the SV-40 immortalised human corneal epithelial cell line, HCE-T. Given widespread problems associated with the misidentification of cell lines and poor specificity of commercial antibodies, we embarked upon a series of experiments aimed at confirming the nature of the cells being studied and the origin of P-selectin apparently present in our cultures. After an extensive analysis of corneal tissue and cultures acquired from over a dozen tissue donors, we present evidence of P-selectin expression within corneal epithelial cells and provide preliminary data in support of a potential new function for this protein.
Materials and methods

Sourcing, cultivation and validation of cell lines
The human corneal epithelial cell line HCE-T was acquired from the Riken Cell Bank (Cat. No. RCB2280. Lot No. 002) and maintained in serum-supplemented growth medium as described previously (Hogerheyde et al., 2013) . A consistent source and batch of foetal bovine serum (FBS) was used throughout all studies (Hyclone Thermo Scientific; Cat. No. SH30084.03 ). An independent STR profile analysis of our working stocks performed by the Garvan Institute of Medical Research (Sydney, Australia) confirmed closest identity to two reference HCE-T cell lines (RCB1384 and RCB2280; Supplementary Data 1 and 2). The human dermal microvascular endothelial cell line HMEC-1 was acquired from Professor T.J. Lawley of the Centers for Disease Control (CDC; Atlanta GA, USA) with subsequent confirmation of identity performed on a sample of working stock cells by STR profiling (Garvan Institute of Medical Research; data not shown). The primate choroidal vascular endothelial cell line RF6A and human umbilical vein endothelial cells (HUVEC; as used in Supplementary Data 8) were acquired directly from the American Type Culture Collection (ATCC, CRL-1780) without further validation. Endothelial cells were maintained in MCDB-131 medium supplemented with 10% FBS, 2 mM L-glutamine, 10 ng/mL epidermal growth factor, 1 mg/mL hydrocortisone and antibiotics.
Immunocytochemistry (ICC)
Cultures were fixed for approximately 20-min in 10% (v/v) neutral buffered formalin. In supplementary experiments (Supplementary Data 6, 7 & 8) , some cultures subsequently received two 5-min incubations at room temperature in phosphate buffered saline (PBS) containing 0.3% Triton-X100. Blocking was performed by incubation in PBS containing 2% (v/v) normal goat serum (NGS) for 30-min at 37 ᵒC. All primary antibodies were obtained from commercial sources and used according to manufacturer's instructions (Table 1) . Staining was performed for 1-hr at 37 ᵒC in PBS supplemented with 1% normal goat serum. Positive staining results were routinely validated by omission of the primary antibody step, but an isotype control was also tested (Table 1 ; Supplementary Data 6 and 8). Some cultures were counterstained to display cell nuclei by incubation for 30-min in HEPES buffered saline (20 mM HEPES/0.85% w/v NaCl) containing 2 μg/mL Hoechst 33342 nuclear stain (Invitrogen/Molecular Probes, Cat. No. H1399). Imaging of stained cultures was performed as described previously (Gillies et al., 2015) .
Establishment and cultivation of primary corneal-limbal epithelial cells (HLE)
Cultures of non-transformed human corneal epithelial cells were established from either enzymatically-dissociated samples of limbal epithelial cells grown in the presence of growth-arrested 3T3 cells as described previously (Ainscough et al., 2011) , or from 2-mm diameter punch biopsies of intact corneal-limbus seeded face down into serumtreated culture dishes (explant method). Tissue derived from cadaveric donors was used in each case. Each tissue sample was acquired with donor consent and ethics approval (QUT HREC approval no. 0800000807) in the form of either surgical off-cuts (courtesy of Dr Andrew Apel and staff at Queensland Eye Hospital) or intact corneas that had been rejected for transplant (e.g. poor endothelial cell density). All tissue was supplied in eye bank storage medium (Optisol) and washed in three changes of Hank's buffered salt solution. All cultures were grown in the presence of the same source and batch of FBS (10%) as described above for use with cell lines.
Isolation and culture of human limbal fibroblasts
A previously established and characterised stock of human limbal fibroblasts (HLF) was utilised (Bray et al., 2014) . These cells were maintained in DMEM/F12 + GlutaMAX (Invitrogen) supplemented with 10% FBS and antibiotics. Prior immunophenotyping of these cells by flow cytometry revealed > 95% positive staining for CD73, CD90 and CD105, and < 5% staining for CD34 and CD45 (Bray et al., 2014) .
Detection of P-selectin by Western blotting
Total protein lysates were made using RIPA buffer (Pierce Biotechnology) and quantified using a Qubit Protein Assay before 30 μg protein was diluted in 4x Laemmli Sample buffer (BioRad) with 355 mM fresh β-mercaptoethanol for separation by SDS-PAGE (10% separating gel with 5% stack). Proteins were transferred to BioTrace™ NT nitrocellulose membrane. Membranes were blocked with 5% skim milk before incubation with primary antibodies to P-selectin (1/500; Table 1) or GAPDH (1/10,000, Abcam) and a peroxidase-conjugated secondary antibody (1/10,000, Pierce Biotechnology). Immunoreactivity was detected using SuperRX X-ray film (Fuji Film Corporation) with the Amersham™ ECL Plus Chemiluminescence kit (GE Healthcare).
2.6. RNA extraction and cDNA synthesis RNA was extracted from cells using the single-step acid guanidinium thiocyanate-phenol-chloroform extraction method. Briefly, cells were homogenised in TRIsure reagent (Bioline), chloroform was added, and the RNA component separated from the lysate by centrifugation. Total RNA was precipitated using isopropyl alcohol and the pellet washed with 75% ethanol. The RNA was resuspended in water and quantified in a Qubit 2.0 Fluorometer (Invitrogen) using a Qubit RNA HS Assay Kit (Invitrogen) according to the manufacturer's instructions. RNA (2 μg) from each sample was used to prepare cDNA by reverse transcription. RNA samples were incubated with dsDNAse (Thermo Scientific) to degrade any contaminating genomic DNA and cDNA generated using random hexamer primers and RevertAid Reverse Transcriptase (Thermo Scientific).
Reverse Transcription Polymerase Chain Reaction
Reverse transcription polymerase chain reaction (RT-PCR) was performed with undiluted cDNA samples using Taq DNA polymerase (Thermo Scientific). Forward and reverse primers (Table 2; GeneWorks) were added to a final concentration of 0.5 μM per reaction volume of 20 μL. PCR was carried out in a SuperCycler Thermal Cycler (Kyratec). The PCR cycling conditions included a pre-incubation for 2-min at 94°C and 35 cycles of 30-sec at 94°C, 30-sec at 62°C, and 30-sec at 72°C, followed by a final incubation at 72°C for 7-min. PCR products were separated by electrophoresis on a 2% agarose gel containing SYBR Safe DNA Gel Stain (Life Technologies) and photographed under UV illumination using a Dolphin-Doc image acquisition system (Wealtec).
Preparation of tissue for immunohistochemistry
On most occasions tissue was supplied stored in Optisol eye tissue storage medium at 4°C. In the case of data shown, however (Fig. 6 ), the tissue was acquired within 3 days post-mortem. The tissue was supplied as a whole enucleated eye wrapped in sterile gauze soaked with saline. Under sterile conditions, the anterior cap was excised, the iris and ciliary body were removed by blunt dissection and the remaining cornea with scleral skirt washed three times in Hanks' balanced salt solution. The tissue was subsequently cut in half using a scalpel blade. One half was immediately fixed for 2.5-hr in neutral buffered formalin in preparation for histology. The remaining half was scraped using a scalpel blade to remove the corneal epithelium, but taking care to avoid damaging the limbus. The corneal epithelium was removed in an effort to stimulate a wound healing response when subsequently placed into organ culture. After three rinses in complete medium, the tissue was cultured in serum-supplemented growth medium for 72-hr anterior side up prior to fixation and processing in to paraffin for histology. Serial sections were cut at approximately 3 μm and mounted on treated glass microscope slides (Superfrost™ Ultra Plus Adhesion, Thermo Scientific). Epitope retrieval (ER) was performed as described previously using 1 mM EDTA/10 mM Tris buffer at pH 9.0 (Li et al., 2016) . Endogenous peroxidases were inactivated by treatment with 0.3% hydrogen peroxide for 10 min. Primary antibodies (Table 1 .) were applied for 1-hr at room temperature in Tris-buffered saline (pH 8.0) containing 0.025% Triton X-100. A horseradish peroxidase/polymer-conjugated goat-anti- Abbreviations ICC = immunocytochemistry; WB = Western blotting; IHC = immunohistochemistry; TCS = Tissue culture supernatant. mouse detection system was used (Dako REAL EnVision Detection System, Dako Cat. No. K5007). Negative controls were routinely performed by excluding the primary antibody incubation step, however, an isotype control for P-selectin was also tested (Table 1) . Counterstaining with hematoxylin and subsequent imaging, was performed as described previously (Li et al., 2016) .
2.9. Culture Gap-closure assay HCE-T cultures were established in regular serum-supplemented growth medium using 2-well culture inserts (0.22 cm 2 per well) in 35-mm diameter culture dishes (Ibidi GmbH, Martinsried, Germany).
Cultures were initiated using a seeding density of 20,000 cells/well. Once confluency had been achieved (approximately 2-3 days), culture inserts were gently removed from culture dishes to expose a cell free gap of approximately 500 μm in width. Cells were then cultured for an additional 8-hr in growth medium with or without 5 μM of KF38789 -an inhibitor of P-selectin mediated cell-to-cell adhesion (Tocris Bioscience; Bristol, UK). Each culture was photographed under phase contrast optics using a 4x objective lens at approximately 0 and 8 h after creation of the culture gap. Differences in gap-closure were subsequently determined by comparing culture gap area measurements performed on images obtained at time 0-hr (∼1 mm 2 ) and 8-hr using Image-J.
Results
Detection of P-selectin in cultures of corneal epithelial cells
Our initial observation of P-selectin immuno-localisation in cultures of corneal epithelial cells was made using the HCE-T cell line (Fig. 1) .
Immunostaining was observed at cell-cell boundaries and potentially within some nucleoli as well (Fig. 1E) . The pattern of staining in HCE-T cells was, however, different to that observed in two vascular endothelial cell lines (HMEC-1 and RF6A); which both displayed a cytoplasmic staining pattern typical of Weibel-Palade bodies ( Fig. 1 parts F & G) . Given the potential for misidentification of cell lines, a sample of cells from the same working stock as that used in the above experiment was sent for STR profiling by an independent laboratory (Garvan Institute for Medical Research). The resulting STR profile was matched to two separate HCE-T records in the German Collection of Microorganisms and Cell Cultures (DSMZ) database (94% match; Supplementary Data 1 & 2). The absence of endothelial cells in HCE-T was further confirmed by negative staining for CD31 and Von Willebrand Factor (VWF) (Supplementary data 8) . Despite our confidence in the identity of the HCE-T cells, it remained possible that we were witnessing some kind of aberrant behaviour associated with their viral transformation. To account for this, we tested three early passage cultures of non-immortalised corneal epithelial cells derived from different corneal-limbal tissue donors (Fig. 2) . The first culture, which had been passaged once before being grown to confluence in the absence of 3T3 feeder cells, displayed random clusters of immuno-reactive cells with staining once again appearing to associate with cell-cell boundaries (Fig. 2 parts C & D) . Similar results were obtained using a different commercial antibody to human P-selectin and negative results were obtained when using an isotype control antibody (Table 1 ; Supplementary Data 6). The second culture analysed (also p1), contained multiple small islands of epithelial cells having recently been passaged in the presence of growth-arrested 3T3 cells. In this case, staining was more evident towards the outer edge of epithelial Supplementary Fig. 6 . P.J. Gillies et al. Experimental Eye Research 176 (2018) 196-206 islands and within central areas undergoing stratification ( Fig. 2 parts E & F). Finally, a p0 culture was tested that had been initiated from a punch biopsy of limbal tissue cultured in the absence of 3T3 cells and grown for approximately 10 days (Fig. 3) . In this explant culture, immunoreactivity was predominantly found at cell-cell boundaries towards the outer edge of the emerging epithelial sheet and in areas of apparent stratification. The absence of endothelial cells in primary cultures established from limbal tissue explants was confirmed by negative staining for CD31 and VWF (Supplementary data 8) .
To further investigate, additional cultures of non-transformed epithelial cells were established from a further three unique tissue donors and expanded with aid of growth arrested 3T3 feeder cells to passage 2. These cultures were subsequently analysed for P-selectin by Western blot, in parallel with cultures of HCE-T cells, 3T3 cells and human limbal fibroblasts (HLF) grown in culture media supplemented with the same batch and concentration of foetal bovine serum (Fig. 4) . Immunoreactive bands corresponding to approximately 140 kDa were demonstrated in lysates prepared from the HCE-T cell line and HLE cell cultures established from all donors examined. An additional, faint band corresponding to approximately 60 kDa was observed in the lysate prepared from HCE-T cells. By contrast, no immunoreactive band for Pselectin was detected in lysates obtained from cultures of either murine 3T3 fibroblasts or human limbal fibroblasts (HLF).
The apparent immunodetection observed above was suggestive of Pselectin expression by corneal epithelial cells, however, it remained possible that soluble P-selectin (potentially originating from the serumsupplemented culture medium) may simply have been preferentially absorbed to the surface of corneal epithelial cells. To address this point, RT-PCR for the human P-selectin gene (SELP) was performed on HCE-T cells in parallel with HLF as a control. A single reaction product was observed at the expected size of 130 bp for HCE-T cells, but not for HLF (Fig. 5A) . As further confirmation, additional cultures of corneal-limbal epithelial cells established from a further 3 unique donors were analysed for SELP gene expression by RT-PCR. First passage cultures (p1) for each donor were tested using two different combinations of seeding density and culture duration: either a "Low-density" (5000 cells/cm 2 )
or "High-density" (25,000 cells/cm 2 ) cultivated for 3 or 7 days respectively. At time of RNA extraction, the "Low-density" cultures at 3 days contained discrete islands of approximately 50-100 cells (Fig. 5A) , whereas the "High-density" cultures at 7 days were confluent with numerous regions undergoing stratification (Fig. 5C ). When analysed by RT-PCR, all epithelial cultures from each donor displayed a single reaction product at the expected size (∼130 bp), and no product was observed for HLF (Fig. 5D ). As further confirmation of these findings, all PCR reaction products were sent to the Australian Genomic Research Facility (University of Queensland node) for sequencing. The report resulting from this independent analysis, confirmed human P-selectin as the closest BLASTN search result with Sanger sequencing having been performed in both directions (Supplementary Data 5). 
Confirmation of P-selectin expression by corneal cells in situ
While the preceding studies had been conducted using epithelial cell cultures established from limbal tissue, the corneal phenotype of P-selectin expressing cells had yet to be confirmed. To address this issue, the potential expression of P-selectin was examined in situ by immunohistochemistry. Serial sections (∼3 μm) of corneal-limbal tissue from multiple donors were stained for P-selectin, keratin 3 (K3) and p63. The effects of organ culture on the staining pattern for each marker were also examined in an effort to mimic conditions associated with corneal wound healing. The typical results of this analysis are displayed for one donor in Fig. 6 . In this case, the tissue had been acquired within 72-hr post mortem without immersion in corneal storage medium (supplied as whole eye wrapped in sterile damp gauze). Half the cornea was fixed immediately and the other half fixed after debridement of the corneal epithelium and placing into organ culture for 72-hr. In the nonorgan cultured tissue, staining for K3 was strongest within the corneal epithelium and suprabasal cells of the limbus, with a few p63-positive nuclei being evident in basal limbal epithelial cells. Variable staining for P-selectin was observed at cell-cell boundaries within discrete patches of corneal epithelium and suprabasal layers of limbal epithelium. Removal of the corneal epithelium followed by organ culture caused a thinning of the limbal epithelium, a reduction in staining intensity for K3, a marked increase in the density of p63-positive nuclei within the limbus, and a marked increase in staining for P-selectin within basal limbal epithelial cells. Staining for P-selectin at cell-to-cell boundaries was therefore predominantly associated with mature corneal epithelial cells (K3 positive cells) whereas cytoplasmic staining was more associated with activated progenitor cells (p63 positive cells).
Evaluation of PSGL-1 expression by corneal cells
The same culture samples as tested previously for SELP gene expression were re-examined for evidence of SELPLG gene expression. Samples derived from HCE-T cells as well as HLF both yielded a single reaction product of expected size for SELPLG (∼122 bp) (Fig. 7) . Similar results were obtained for all three primary cultures of HLE and validated by product sequencing (Supplementary Data 4 & 5) . Double immunostaining of sub-confluent HCE-T cultures for PSGL-1 (rabbit monoclonal antibody EPR1967Y) and P-selectin (mouse monoclonal antibody 9E1) revealed evidence of co-localisation at cell-cell boundaries, but clearest staining was observed within the peri-nuclear region of cells closest to the edge of each epithelial island (Fig. 7) .
Effect of P-selectin inhibition on HCE-T cells
Given the apparent co-localisation of P-selectin and PSGL-1 in HCE-T cells, we used this model cell line to investigate the potential effects of KF38789 -a specific inhibitor of P-selectin binding to PSGL-1. More specifically, we tested the effects of this inhibitor on the ability of adjacent confluent sheets of HCE-T cells to fuse together across a gap of 500-μm over an 8-hr culture period. As demonstrated by representative phase contrast images in Fig. 8A and by quantification of gap closure using Image-J in Fig. 8B , addition of KF38789 (5 μM) resulted in a significant drop in gap closure for HCE-T by around 40% (p < 0.01) compared to non-treated controls. In contrast no effect was observed on the, albeit slower, gap closure responses of 3T3 cells and HLF.
Discussion
Since its discovery over 30 years ago, P-selectin has almost exclusively been associated with tethering of leukocytes to platelets and vascular endothelial cells (Ley, 2003; Stenberg et al., 1985) . The current demonstration of P-selectin expression in corneal epithelial cells therefore requires some careful consideration of potential sources of contamination. In the case of cell cultures, soluble P-selectin from serum could have become bound to the surface of epithelial cells by virtue of this protein's affinity for mucins. In addition, RT-PCR may simply have amplified traces of SELP mRNA present in serum. The absence of P-selectin protein or amplified PCR product in cultures of limbal fibroblasts (HLF), however, indicates that serum is unlikely to be the source. The data obtained for HLF cultures also tends to rule out the donor tissue itself as a source of P-selectin, since these cultures are more likely to have been contaminated with cells of endothelial or myeloid lineage, and yet were negative. Nevertheless, these sources cannot be entirely ruled out as a potential source of the SELPLG mRNA detected in HLF cultures. For this reason, subsequent functional studies were performed using the HCE-T cell line as a model system.
The corneal phenotype of P-selectin expressing epithelial cells examined in our study is supported by two critical pieces of data. To begin, the identity of presumptive HCE-T cells was validated by an STR profile analysis performed by an independent laboratory ( Supplementary Data 1 & 2) . Secondly, the anatomical location observed for P-selectin observed by immunohistochemistry was closely aligned with K3, an established marker for mature human corneal epithelial cells (Schermer et al., 1986) . The absence of endothelial cells in our cultures has also been confirmed by negative immunoreactivity towards antibodies to CD31 and Von Willebrand Factor (Supplementary data 8). Interestingly, cytoplasmic staining for P-selectin was evident within basal limbal epithelial cells studied by histology, but was less evident within the primary cultures of limbal epithelial cells that had been stained earlier (Fig. 3) . We have subsequently confirmed that this difference in staining pattern is due to increased permeability of cells to the primary antibody when examined in tissue sections (Supplementary Data 6). The co-incident increase in staining for P-selectin and p63 within basal limbal epithelial cells suggests that the SELP gene is transcribed in activated epithelial progenitor cells and is consistent with the RT-PCR data that we obtained for primary cultures established from limbal epithelial cells.
The apparent co-expression of P-selectin and PSGL-1 in HCE-T cells suggested to us that these two proteins may facilitate tethering of adjacent cells in a similar manner to how activated leukocytes are initially tethered to the surface of endothelial cells during inflammation. Moreover, the striking appearance of staining at the advancing edge of epithelial islands suggested a potential role during migration. Thus, the cell culture gap-closure assay was chosen as a simple test of potential Pselectin function. The marked inhibitory effect of KF38789 supports the hypothesis that engagement of P-selectin and PSGL-1 across neighbouring cells may well play a role in the migration of corneal epithelial cells. This data is also consistent with the delayed re-epithelialisation observed in SELP −/− null mutant mice (Li et al., 2006) , although these results were largely reversed following intra-venous administration of wild-type platelets. It is therefore possible that soluble P-selectin derived from platelets may be able to substitute for epithelial-derived Pselectin. Nevertheless, it cannot be assumed that "platelet-derived" and "epithelial-derived" versions of P-selectin are identical, since selectin functions are highly dependent upon post-translational modifications including glycosylation (Kappelmayer and Nagy, 2017) . Interestingly, the pattern of apparent PSGL-1 expression within islands of HCE-T cells varied according to the island size and relative position of cells relative to the periphery. As such, a relatively small patch of staining was observed adjacent to the nucleus in cells present within smaller islands or within those closer to the centre of larger islands. In contrast, more intense perinuclear staining was present within cells located towards the outer margin of larger islands. We consider that this variation in staining pattern may be linked to different levels of PSGL-1 within the Golgi apparatus in conjunction with cycles of mitosis and/or migration, but further studies would be required to confirm this.
With regard to potential downstream regulators of P-selectin activity in corneal epithelial cells, it is perhaps too premature to speculate, but it is possible that similar signalling events may be observed to those seen in leukocytes. For example, studies by Xu et al. (2007) have demonstrated that P-selectin-induced crosslinking of PSGL-1 at the leukocyte cell surface, can lead to conformational changes in integrins via activation of Src kinase-dependent signalling. Nevertheless, despite the effect of a selective inhibitor of P-selectin mediated binding on HCE-T cell migration, it remains unclear whether binding of P-selectin to PSGL-1 actually occurs between adjoining corneal epithelial cells. In fact, the pattern of staining for P-selectin in corneal epithelial cells bears a striking similarity with that displayed by the P-selectin homologue furrowed (Fw) which supports a homophilic cell-cell adhesion role in developing Drosophila larvae (Chin and Mlodzik, 2013) . Since this function of Fw is considered distinct from its role in leukocyte/endothelial cell binding, it is possible that a similar homophilic mechanism operates between adjacent corneal epithelial cells during wound healing.
Assuming that P-selectin within the corneal epithelium is correctly glycosylated, it may facilitate the trafficking of leukocytes from the limbal stroma to the ocular surface or promote the adhesion of neutrophils reported to accumulate naturally in tear film during period of . Using primers designed to amplify human P-selectin, a reaction product was obtained at the expected size of approximately 130 base pairs. The reaction product was subsequently confirmed as P-selectin by product sequencing in both directions (refer supplementary data). In contrast, no reaction product was observed in the absence of reverse transcriptase ("-" or "Neg. Controls" lanes) or for RNA extracted from an early passage culture of human limbal fibroblasts (HLF). Confirmation of similar loading is demonstrated by RT-PCR for GAPDH. eye closure (Gorbet et al., 2015) . P-selectin within the corneal epithelium may also facilitate the retention of 'sentinel' immune cell populations. In particular, it has been established that antigen presenting dendritic cells reside within non-inflamed corneal epithelium and play important roles in local immune responses (Gao et al., 2011; Yamagami et al., 2005) . Moreover, the apparent expression of PSGL-1 by limbal stromal cells (HLF) may facilitate the recruitment of platelets into the corneal stroma that has been shown to be critical for stromal keratocyte recovery after corneal wounding (Lam et al., 2015) . An important topic for future studies will therefore be investigations of potential binding of leukocytes, dendritic cells and platelets with corneal epithelial cells and stromal cells respectively in the presence and absence of P-selectin/ PSGL-1 binding inhibitors such as that used presently.
While the detection of P-selectin in the corneal epithelium has not been reported previously, there is a substantial body of evidence that other leukocyte adhesion factors are expressed by this tissue and play important roles in regulating inflammation and wound healing. For example, the leukocyte adhesion molecules ICAM-1, PECAM-1 and VCAM-1 have all been reported at sites of corneal inflammation in human eyes (Goldberg et al., 1994) . Furthermore, treatment of human corneal epithelial cells with inflammatory cytokines increases the expression of both ICAM-1 and PECAM-1 (Pereira et al., 2004) . Using a murine model of corneal wounding, evidence has been presented that ICAM-1 facilitates corneal re-epithelialisation by promoting T cell recruitment to injury sites (Byeseda et al., 2009 ). Furthermore, immunocytochemistry has revealed ICAM-1 reactivity at the margins of expanding sheets of human corneal epithelial cells (Iwata et al., 2003) , in a similar manner to that shown presently for P-selectin. Interestingly, the organ donor whose tissue was used in Fig. 6 was reported to have had mild central keratitis and this was correlated with an apparent gradient of P-selectin expression increasing towards the centre of the cornea. This suggests a link between P-selectin expression and exposure to inflammatory mediators, but further studies are required to confirm this.
In summary, we present substantial evidence for P-selectin expression by corneal epithelial cells in vitro and in situ. The pattern of expression is suggestive of a role for P-selectin in facilitating the migration of cells within a corneal epithelial cell sheet and this is supported by substantial inhibition in the presence of a P-selectin inhibitor. Detection of the major ligand for P-selectin (PSGL-1) in both corneal epithelial cells as well as stromal cells (by both PCR and immunostaining) suggests a role for this protein, but further studies are required to confirm this. Likewise, further studies are required to examine whether the Pselectin and presumptive PSGL-1 found in corneal tissue are able to induce functional responses in cells of myeloid lineage.
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